No reference is currently available to differentiate fresh and dry bone fractures, caused intentionally or not, for the cranial skeleton. The authors therefore extrapolated characteristics already validated on infra-cranial bones to the skull bones.
T he discovery of fragmented bone remains raises the question of the etiology of the fractures. A differential diagnosis between fresh bone fractures (perimortem; i.e., at or around the time of death) and dry bone fractures (late trauma by decomposition, displacement, or compression) allows an interpretative approach to the cause of death (in forensic science) or to the behavior of the populations studied (in anthropology).
The persistence of perimortem fracture characteristics is poorly understood. If some analytical methods existed for the infracranial skeleton [1, 2] , no references allowing for the differentiation between fresh bone fractures (intentional or not) and dry bone breaks were available for the cranial skeleton. Histopathological studies about the vitality of a wound (produced antemortem or postmortem) are only at their preliminary stage [3] . However, data on the skull are important for the forensic pathologist to determine cause of death from bone remains.
The purpose of this study is to evaluate the characteristics for determining the timing of skull bone fracture which has been little studied up to now.
MATERIAL AND METHODS

Osteological collections
The skeletal remains used in this study came from four French sites (Fig. 1 ). These series which were recently thoroughly excavated underwent interdisciplinary study and the presence of bone fractures was discussed [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The hypotheses were supported by the context (streaks, cuts or chewing marks, over-representation of bone fragments, demographic composition, anatomical relationship of the bones, association with fauna bones, functional architecture of the site, overall site exploitation, stratigraphic study). These osteological sites are considered in the literature as standards of fresh bone fractures for Agris and Auzay and bone dry fractures for Corconne and Villedubert [15] [16] [17] [18] [19] [20] [21] [22] .
Agris (Perrats Cave), Department of Charente, France -Mesolithic period [2, 16] Perrats cave, discovered in 1981, is a karstic cavity in Agris, about twenty-three miles north-east of Angoulême. It includes a main hall which is part of a system with a total length of approximately three hundred meters. The remains of at least eight people, five adults and three children were uncovered in a complex stratification due to the sequential phases of human activity dating from the Mesolithic period. Craniofacial bones are over-represented in the assemblage. Traces of man-made cuts and fractures produced while the bones were still fresh are visible. This site is a reference for the study of the cannibalism hypothesis particularly because of the large number and frequency of bones, bone fragmentation and cut marks.
Châteliers du Vieil-Auzay, Department of Vendée, France -Neolithic period [9, 10, 13] The Châteliers du Vieil-Auzay site located on a limestone spur in the north of the Poitevin Marshes experienced several phases of human occupation between the fourth and first millennium BC. Three double burials dating from the Late Neolithic period (second half of the fourth millennium) were discovered, each containing two adult males. These contemporaneous graves correspond to primary deposits, with decomposition in the clogged space.
The skulls of the six skeletons generally appear to be in excellent condition. A clear differential preservation of skull bones can be observed: the elements of the anterior and middle skull bases are under-represented. Stigmas of violence are visible and correspond to multiple points of repetitive impacts by blunt objects (including axes). One individual has an arrow lodged in a vertebra. The six well-preserved skulls have multiple fractures. The diploe is "open", i.e. no injury has healed or was in process of healing. The bones were fractured when they were fresh, therefore during the perimortem period.
Corconne, Department of Gard, FranceNeolithic period [5-6, 8, 11,14] The Aven de la Boucle cave is formed in a limestone slope, in Corconne in the South of France. This natural cavity used for collective burial consists of a single chamber approximately 40 m² and an access corridor. The successive deposits on the ground over a long period have involved regular burial layer changes.
There is an under-representation of skulls but a significant number of teeth or tooth fragments are present. The initial location of the bodies in this collective burial (one hundred individuals), corresponding to the position of the teeth (disturbed less than the bones), indicates that all the individuals were placed in the northern half of the cavity. A significant number of bones appear to have been pushed near to the western wall.
Villedubert, Department of Aude, FranceChalcolithic period [4, 7, 12] The Perrières dolmen in Villedubert is slightly trapezoidal and measures 4.5 m by 2 m. The osteological material relates exclusively to the Chalcolithic period. The site was abandoned very early, probably due to its destruction, creating a chronological homogeneity of unearthed bone material. The funerary complex consists of primary deposits partially dislocated after their introduction into the grave. The skulls were systematically grouped in a circular area. Successive acts of interment took place, sometimes with relatively long intervals between them. The walkways have a significant amount of fragmented human remains due to repeated trampling whereas the remains are better preserved in the deposit or storage areas after emaciation. There are an extremely large number of broken human bones. They correspond to a hundred individuals and include adults of both sexes and children of all ages.
The Agris and Châteliers du Vieil-Auzay series thus constituted our fresh bone fracture sample. The Corconne and Villedubert series formed our dry bone fracture sample.
Methods
We studied the following parameters previously developed in the analytical methods for the infra-cranial skeleton: fracture angle, cortical delamination, tactile roughness, fracture outline and presence of bone flakes.
The database was created in Microsoft Excel ® version 2007. The study between the different osteological series and between the two series groups (fresh bone fracture group / dry bone fracture group) was carried out by statistical comparison (XLSTAT ® software and Epi-Info and Villedubert (1760).
Fracture angle (Fig. 2) The fracture angulation between the surface of the fracture and the cortical table is mostly acute or obtuse in fresh bones but occurs at 90° in dry bones on the long bones [1, [23] [24] [25] [26] [27] [28] and the skull [29] . Boulestin [2] measures the angles by angular notches (ten-degree intervals) rather than classifying them into the three conventional categories (90°, acute, obtuse) used in most studies.
A series of 29 notches with increasing angles (five-degree intervals), from 20 to 160°, was used in our case: the slots are positioned at the fracture angle. The value is read on the notch which exactly corresponds to the ridge.
Cortical delamination (Fig. 2 ) Cortical delamination or beveling is the cleavage between the diploe and the inner/outer table. When fresh bones bend, divisions are created between the diploe and the tables, which usually produce beveled fractures on the inner table (beveling) and a detachment of the outer table (delamination) [30] . The maximum width of delamination was measured with an electronic caliper (Mitutoyo® (Kawasaki, Japan).
Tactile roughness (Fig. 2 ) Texture refers to the structure and thus to the disposition of collagen fibers exposed by the fracture line [2] . The broken bone surfaces tend to be smooth in fresh bone with a regular collagen fiber structure [31] but grainy and powdery in dry bone [32] . The fresh bone surface consists of contiguous short longitudinal fibers rather than grains [33] . The fresh bone fracture lines are macroscopically grained and microscopically rough and jagged [34] due to the significant force required to break fresh bone [33] . This characteristic has been questioned by various authors [1, 33, 35] . However, for fingertips (pulp of the index), perimortem fractures are regular, and dry bone fractures are rougher and more jagged [29, 33, 36] .
Fracture outline Fresh bone fractures are linear while dry bone fractures are more varied, uneven, and nonlinear [32, 37, 38] . We classified the fracture line irregularities into the following three categories:
-Low: angle between the fracture line segments exceeds 170°, -Medium: angle between 140 and 170°, -Significant: angle less than 140°. Presence of bone flakes (Fig. 2) Bone flakes tend to remain attached to the impact zone in fresh bone [39, 40] . These small fragments which are not completely isolated are normally associated with impact areas. The presence of bone flakes does not distinguish weapon type, it simply allows the timing of a bone fracture to be determined.
RESULTS
Fracture angle (Table 1)
The average of the different fractured segment angles was not retained in our presentation because the obtuse and acute angles cancel each other out in the angular average. Fracture edges can have obtuse angles (20 to 35°) or acute angles (130 to 160°) in fresh bone. In dry bones, there is no noticeable difference for the minimum values and the maximum values. However, fracture angulations are mostly acute or obtuse in fresh bones.
A majority of 90° angles (percentage)
A large majority of 90° angles is observed in the group of dry bone fractures (p <10-7). The Agris series is indistinguishable from that of Auzay (Yates' chi-squared test) with p = 0.98, but Agris differs significantly from Corconne (p <10-7) and Villedubert (p <10-7).
Maximum deviation from the 90° angle (degrees)
The average of the maximum deviation from 90° on the most oblique segment is smaller in the dry bone fractures than in the fresh bone fractures (F = 74.42, p <10-7).
Tactile roughness (Table 2) A statistical comparison of the percentages between the fresh bone fracture series group and the dry bone fracture series group highlighted a statistical difference between these two groups, with p < 10-7 (Chisquare test). Rough fracture surfaces are significantly more frequent in dry bones. The texture is smooth in fresh bone, while that of dry bone is generally rough. Agris is distinguished by the absence of rough texture. Corconne and Villedubert have a statistically similar tactile roughness.
Cortical delamination (Table 3 ) Rifts between the diploe and the tables can be found in fresh and dry bone fractures. However, their frequency is much lower in the dry bone group than in the fresh bone group (p <10-7). The frequency for the Corconne and Villedubert osteological series is statistically similar (p = 0.64). We also note that Agris differs from the other three series by the very high frequency of this characteristic. Similarly, the delamination is larger in Agris fresh bones than in the three other series (p = 0.0315). A small delamination measured on an isolated bone does not allow the timing of bone fracture to be determined. In our study a large delamination (greater than 10.5 mm) was only found in Agris (fresh bone).
Fracture outline (Fig. 3 and Table 4 ) Jagged fracture surfaces are much more frequent in the dry bones fracture group (p <10-7). A statistically significant difference between the four series is noted both for small (p = 10-6) and large irregularities (p <10-7). In contrast to the three other osteological series, Agris has no large irregularities.
For Agris, the profiles of the three categories of irregularity also differ from the profiles of other series (Fig. 2): -increasing for Agris, -both increasing and decreasing for Auzay, -decreasing profile which could be described as "dry bone" for Corconne and Villedubert.
Presence of bone flakes (Table 5 ) Statistical tests between the various osteological series or by timing of fracture are impossible due to the low frequencies and the number of pieces of fresh bone for Agris (15) and Auzay (46).
DISCUSSION
The presence of fragmented human skeletal remains raises the question of the moment the fracture was caused. Establishing the timing of fracture involves differentiating fresh and dry bone fractures and leads us to make a number of assumptions: a fresh bone fracture can be the result of violent behavior (perimortem fracture) [41] , original funerary practices or cannibalism. A dry bone fracture can be assumed to be due to ground movements (landslide, subsidence, land creep), pressure on the sediments (walkways) or funeral rites leading to delayed bone fragmentation.
With this skull research on four osteological series presenting a previously determined type of fracture (fresh bone / dry bone), we were able to statistically validate and show the relevance of the most discriminative characteristics for determining the timing of bone fractures. This approach was developed by Villa and Mahieu in 1991 [1] .
Most studies on fracture morphology of fresh or dry bones are often based on observations rather than experimental tests. In a previous study, we characterized pig cranial fractures sustained under known impact conditions. An impact machine was used to perform a fracture on each skull. Two types of impactor (i.e. a sharp striker and a blunt striker) performed impacts at the same energy level on fresh and dry bones. We found different features under distinct conditions: presence of osseous flakes on fresh bones, 90° fracture angles on dry bones, and more fractures with greater fragmentation on dry bones [42] .
Fracture morphology is not a reliable indicator of bone state at the time of fracture, particularly if only a small number of bones is studied [2] . For an osteological series, the frequency statistics for the different types of fractures may, however, be used with sufficient confidence for the modalities and timing of fragmentation [1] . Fracture roughness or tactile texture is a subjective test which has been reconsidered by many authors [2, 29, [31] [32] [33] [34] [35] [36] . The morphology of the fracture surface (degree of roughness) varies with bone moisture content, i.e. between wet and dry bone [35] , and there is a correlation between microstructural changes, applied force [1, 35] , collagen fiber direction and burial [35] . However, Boulestin [2] qualifies these findings: fracture roughness can be used to successfully determine bone state at the time of fracture.
Our results on skull bones confirm that the great majority of dry bone group fractures are at 90° [1, 23-29, 33,43] . Most of the fracture angles were 90° in dry bone and acute or obtuse in fresh bones. This characteristic is used not only in forensics but also in anthropology. It is also applicable to the infra-cranial skeleton and the skull. The average fracture angles are not considered because the obtuse and acute angles cancel each other out. Average fracture angle is not a characteristic which can be used to differentiate fracturing on fresh and dry bone. This problem can be overcome using the maximum deviation from 90°, which is not affected by the presence of acute or obtuse angles. This characteristic considers the absolute value of the difference in angulation furthest from the 90° segment. In our study, we find highly oblique (acute or obtuse) angles on two bone groups: fresh bones and dry bones. Single pieces of bone do not allow us to determine the bone state at the time of fracture but the angles are useful for statistical comparison in an osteological series. The presence of these characteristics (maximum deviation from 90° and frequency of cortical delamination) is significantly higher in fresh bones.
Although cortical delaminations are present in both fresh and dry bones, their high frequency in fresh bones does allow the timing of fracture to be determined. Boulestin [2] emphasizes the fact that table delamination may exist in broken dry bones. These cleavages are then very limited, never more than a centimeter. This is confirmed by our results.
Regarding the presence of adherent bone flakes in the two groups of osteological series (fresh bone / dry bone), we would stress that there is a much greater proportion of bone flakes in the broken fresh bones. The presence of adherent flakes in fresh bones, and unusually in dry bones, is high, as we demonstrated in the fracture tests on pig skulls [42] . This characteristic can be applied in the field of forensic science.
The question of determining the timing of bone fractures is complex and remains unresolved but it allows an interpretative approach to human behaviors. Fracture angle, cortical delamination, roughness and fracture outline can be used effectively on osteological series, not on an isolated sample or when taken out of context. For a single piece of bone, this makes it difficult or impossible to determine the bone state at the time of fracture, as noted by Morin [44] . However, large cortical delamination seems to be a self-sufficient characteristic. It appears that small cortical delamination on an isolated piece of bone does not allow the timing of fracture to be determined. A large cortical delamination, however, (greater than 10.5 mm) suggests a fresh bone fracture. Large cortical delamination combined with fracture angle, roughness and/or irregularity therefore seem to be efficient characteristics for determining the timing of fracture in fresh and dry bone.
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